T he corneal epithelium, like other epithelial barriers in the human body, is continuously subjected to physical, chemical, and biological insults, often resulting in tissue or cell injury and a loss of barrier function. Proper healing of corneal wounds is vital for maintaining a clear, healthy cornea and preserving vision. Corneal epithelium responds rapidly to injury by migrating as a sheet to cover the defect and to reestablish its barrier function. 1 Successful wound healing involves a number of processes, including cell migration, proliferation, restratification, matrix deposition, and tissue remodeling. 2 Particularly critical are cell migration and proliferation, which are driven by growth factors and other factors released in coordination into the injured area. In a wounded cornea, epithelium plays a central role, not only as a key cell type during repair but also as the source of a number of growth factors. The tear film is potentially another important source of growth factors and cytokines for corneal homeostasis and wound healing. 3, 4 Prominent among these epithelium-derived factors are ligands for epidermal growth factor receptor (EGFR). 1 In addition to peptide growth factors, growth factor-like lipid mediator lysophosphatidic acid (1-acyl-2-hydroxy-sn-glycero-3-phosphate; LPA) is released into the injured cornea. These factors may function synergistically to stimulate cell migration and proliferation to repair a wound.
LPA is an important serum component that affects cell adhesion, migration, proliferation, and survival. 5, 6 LPA is also released by epithelial cells, platelets, or fibroblasts at sites of injury and inflammation. 7, 8 LPA has been detected in aqueous humor and lacrimal gland fluid, and corneal injury results in a significant increase in the concentration of LPA. 9 Various effects of LPA on the cornea have been reported to date, including the promotion of proliferation in three major cell types of the cornea in a dose-dependent manner, the stimulation of corneal epithelial migration on the stroma, 10 and the induction of corneal epithelial and endothelial barrier functions in vitro. 11 Thus, LPA appears to play a role in maintaining corneal homeostasis and in preserving its function under pathogenic conditions. LPA induces cellular responses by binding to specific members of the Edg family of seven transmembrane G-proteincoupled receptors (GPCRs); at least three LPA receptors-LPA1/Edg-2, LPA2/Edg-4, and LPA3/Edg-7-have been identified. 12, 13 Transcripts for two LPA receptors, LPA1 and LPA3, were detected in rabbit corneal epithelial cells.
14 Although LPA signals through classic GPCRs that induce calcium influx and inhibit cAMP generation, 15 much interest in postreceptor signaling of LPA has been focused on its growth factorlike effect on the activation of the Ras mitogen-activated protein kinase (MAPK) cascade and phosphatidylinositol 3Ј-kinase (PI3K). 16 Many of the growth-promoting effects of GPCR stimulation are mediated through the activation of receptor tyrosine kinases (RTKs), primarily EGFR, a process called trans-activation. [17] [18] [19] The major mechanism of EGFR transactivation by GPCRs in numerous cell types is mediated by metalloprotease-dependent shedding and subsequent release of growth factor-like substances such as heparin-binding EGF-like growth factor (HB-EGF) and transforming growth factor-␣, which bind to and activate EGFR. 17,19 -21 We recently showed that wounding induces EGFR transactivation through ectodomain shedding of HB-EGF and that this wound-induced activation of EGFR and its coreceptor, erbB2, are required for wound closure in cultured porcine corneas and in human corneal epithelial cells (HCECs). 19, 22 HB-EGF is synthesized as a type-1 transmembrane protein that can be shed enzymatically to release a soluble 14-to 20-kDa growth factor; the process is called ectodomain shedding. [23] [24] [25] The released HB-EGF acts through the stimulation of specific cellsurface receptors. 26, 27 Four related receptor tyrosine kinases have been identified. 28 -30 They are EGFR/erbB1/HER1, erbB2/ HER2/neu, erbB3/HER3, and erbB4/HER4. 26 Phosphorylation of EGFR on ligand binding creates docking sites for adaptor proteins and leads to the activation (tyrosine kinase phosphorylation) of effectors such as extracellular signal-regulated kinase (ERK) and PI3K. These two pathways are involved in corneal epithelial wound healing. [31] [32] [33] [34] [35] [36] Although LPA has effects on corneal epithelial cells that might be attributable to the function of GPCRs, 11 the effects of this lipid mediator on processing epithelial migration and proliferation may result from activation of the RTKs and the participation of their downstream signaling pathways. To date, ectodomain shedding of HB-EGF and transactivation of EGFR in transmitting LPA signaling during corneal epithelial wound healing remains elusive.
In this study, we investigated LPA-induced EGFR transactivation in wounded corneal epithelial cells, in porcine corneal organ culture, and in cultured HCECs. Our results showed that EGFR plays a central role in mediating LPA-induced ERK and AKT (a major substrate of PI3K) activation and LPA-enhanced wound closure in vitro.
MATERIALS AND METHODS

Materials
The following materials were purchased: minimum essential medium (MEM), nonessential amino acid solution, and defined keratinocyte-SFM (Invitrogen, Grand Island, NY); agarose (MP Biomedicals, Irvine, CA); rat tail tendon collagen (Collaborative Biomedical, Medford, MA); keratinocyte basal medium (KBM; BioWhittaker, Walkersville, MD); human recombinant HB-EGF (R&D Systems, Minneapolis, MN); oleoyl-L-␣-lysophosphatidic acid (LPA, reconstituted in 10 mg/mL in chloroform/methanol/acetic acid in 95:5:5 ratio), tyrphostin AG1478, and CRM197 (Sigma-Aldrich, St. Louis, MO); GM6001, a hydroxamic acid matrix metalloproteinase (MMP) inhibitor (3-(N-hydroxycarbamoyl)-2-(R)-isobutylpropionyl-L-tryptophan methylamide), and PP2, a Src kinase inhibitor (4-amino-5-(4-chloro-phenyl)-7-(t-butyl) pyrazolo [3,4-d] pyrimidine; Calbiochem, La Jolla, CA); antibodies against human EGFR, phosphorylated ERK1/2 (p42/p44 MAPK), ERK 2 (p42 MAPK), PY20, and PY99 (Santa Cruz Biotechnology, Santa Cruz, CA); antibodies against AKT and phosphorylated AKT (Cell Signaling, Danvers, MA); and other chemicals as necessary (Sigma-Aldrich).
Porcine Corneal Organ Culture
Porcine eyes were obtained from a local abattoir, transported to the laboratory on ice in a moist chamber, and processed for culture within 24 hours. An epithelial wound was made by demarcating an area on the central cornea with a trephine 4 mm in diameter and removing the epithelium within the circle with a surgical scalpel, leaving an intact basement membrane. 37 The corneas were then processed for organ culture. 38 Corneal-scleral rims, with approximately 4-mm limbal conjunctiva, were excised and rinsed in sterilized phosphate-buffered saline. Excised corneas were placed epithelial side down into a sterile "cup" (a silicon rubber mold). The endothelial corneal cavity was then filled with MEM containing 1% agarose and 1 mg/mL rat tail tendon collagen maintained at 42°C. This mixture was allowed to gel. The cornea and its supporting gel were inverted and transferred to a 35-mm dish. Approximately 2 mL MEM was added dropwise to the surface of the central cornea until the limbal conjunctiva was covered, leaving the epithelium exposed to air. Cornea epithelial wounds were allowed to heal for 48 hours in MEM containing LPA (5 M), tyrphostin AG1478 (1 M), CRM197 (10 g/mL), or GM6001 (50 M) in 5% CO 2 incubator at 37°C.
Determination of Epithelial Wound Healing in Corneal Organ Culture
Corneal epithelial wound repair was monitored daily by fluorescein sodium (0.25%) staining and photographed under a dissecting microscope (Nikon, Tokyo, Japan) with a camera (Kodak MDS290; EastmanKodak, Rochester, NY). After 48-hour incubation, the corneas were treated with Richardson staining 39 to mark the remaining wound area. The corneas were photographed, and the wound area was quantified by weighing the excised Richardson staining spots from the photograph reprints. Three corneas were used for each treatment; at least two independent experiments were performed (six or more corneas for each treatment). MEM treated alone was used as a control for spontaneous healing, and MEM with LPA was used for enhanced healing. The extent of healing over time was defined as the ratio of the area difference between the original and the remaining wound after 48 hours to the original wound area.
Extent of healing ϭ
Original wound area Ϫ Remaining wound area after 48 hr Original wound area
Cell Culture and Migration Studies
SV40-immortalized (THCE) human corneal epithelial cells (HCECs) were generously provided by Kaoru Araki-Sasaki. 40 Cells were grown in defined keratinocyte-SFM in a humidified 5% CO 2 incubator at 37°C. For wound healing study, cells were seeded onto 12-well plates or 100-mm dishes coated with fibronectin-collagen coating mix (Biological Research Faculty & Facility, Ljamsville, MD) and were grown to 80% confluence in 12-well tissue culture plates. Cells were then starved in KBM overnight and wounded with a sterile 0.1-to 10-L pipet tip (TipOne; USA Scientific, Ocala, FL) to remove cells by two perpendicular linear scrapes. After washing away suspended cells, the cells were refed with KBM in the presence of LPA (5 M), AG1478 (1 M), or CRM197 (10 g/mL). The wound closure was photographed immediately and 24 hours after wounding near the crossing point to ensure that the same spot was photographed with an inverted microscope (Carl Zeiss, Oberkochen, Germany) equipped with a digital camera (SPOT; Diagnostic Instruments, Sterling Heights, MI). The extent of healing was defined as the ratio of the difference between the original and the remaining wound areas compared with the original wound area. The wound area was determined by the number of pixels in histogram (Adobe Photoshop).
Determination of EGFR, ERK, and AKT Phosphorylation
To assess the effects of wounding, LPA, and HB-EGF on EGFR signaling, growth factor-starved THCE cell monolayers on 100-mm dishes were stimulated with wounding or 5 M LPA for 15 minutes (see Fig. 3 ) or for various times (see Fig. 5 ). To create extensive injury for biochemistry studies, cells were wounded by multiple linear scratches using a cut of 48-well shark's tooth comb for DNA sequencing gel (Bio-Rad, Hercules, CA) going from one side of the dish to the other. The dish was then rotated, and scrapes were made similarly to the original
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scrapes at 45°, 90°, and 135°. Cells without any stimulation or inhibitor were used as negative control. For LPA stimulation, the reconstituted LPA was diluted to the final concentrations in KBM, and the media containing LPA were directly added to THCE culture after removal for growth factor starvation or for inhibitor pretreatment. In a preliminary study, 1 to 1000 dilution LPA-reconstituted solution (chloroform/methanol/acetic acid in 95:5:5 ratio) was found to have no effect on THCE cells in terms of wound healing or EGFR activation. For conditions with inhibitors, cells were pretreated with inhibitors for 1 hour and then stimulated (wounding or LPA treatment) in the presence of corresponding inhibitors for 15 minutes. To compare the extents of EGFR phosphorylation, THCE cells were also stimulated with various concentrations of LPA or HB-EGF for 15 minutes (Fig. 4) . After each treatment, cells were lysed with RIPA buffer (150 mM NaCl, 100 mM Tris-HCl [pH 7.5], 1% deoxycholate, 0.1% sodium dodecyl sulfate, 1% Triton X-100, 50 mM NaF, 100 mM sodium pyrophosphate, 3.5 mM sodium orthovanadate, proteinase inhibitor cocktail, and 0.1 mM phenylmethylsulfonyl fluoride). Cell lysates of 600-g proteins were immunoprecipitated with 10-g antibody against EGFR (agarose conjugate) and immunoblotted with mouse anti-PY99 antibody (1:4000). Experiments were also carried out in reverse with immunoprecipitation of tyrosine-phosphorylated protein PY20 and subsequently with immunoblotting against EGFR. ERK1/2 phosphorylation and ERK2 level were determined using monoclonal antibodies against phospho-ERK1/2 (1:500) and ERK2 (1:4000), respectively. PI3K activation was assessed by Western blotting to detect phospho-AKT with AKT level for equal protein loading.
Cell Line Expressing HB-EGF-Alkaline Phosphatase Fusion Proteins and Measurement of HB-EGF-AP Shedding
A cell line expressing HB-EGF-alkaline phosphatase (AP) fusion proteins was established by stable transfection of THCE cells with pHB-EGF-AP, as described in an early study. 19 Briefly, THCE cells were transfected with the expression plasmid pHB-EGF-AP (Lipofectamine; Life Technologies, Bethesda, MD); in this construct, AP was inserted into the heparin-binding region of HB-EGF. 41 Transfected cells were selected with 0.5 g/mL puromycin. To measure wound-and LPAinduced HB-EGF release, THCE cells expressing HB-EGF-AP 41 were cultured in six-well plates and then were growth factor starved overnight. Cells were pretreated with or without PP2 (12.5 M) or GM6001 (50 M) for 1 hour and then were extensively injured with a shark's tooth comb or were stimulated with LPA (5 M). Cell debris from wounding was rapidly removed, and fresh KBM was added to the cultures. Cells were further cultured in KBM with or without LPA or corresponding inhibitors for 15 minutes. AP activities in the collected media were measured (Great EscAPe SEAP Chemiluminescence Detection Kit; BD Biosciences, Palo Alto, CA) according to the manufacturer's protocol. Briefly, AP activities were measured, 15-L conditioned media from each treatment were heated with dilution buffer at 65°C for 30 minutes in a 96-well plate, and assay buffer was added. Chemiluminescence was quantified (GENios Fluorometer; Phenix Research Products, Candler, NC). The readings, after subtracting background luminescence in KBM, were normalized against cellular protein concentration using bovine serum albumin as a standard (BCA kit; Pierce, Rockford, IL) and were shown as relative light units.
Data Analysis
Data are generally expressed as mean (ϮSD). One-way analysis of variance with Bonferroni correction for pairwise comparisons was used to assess the statistical significance of differences between groups. P Ͻ 0.05 was considered statistically significant.
RESULTS
Involvement of EGFR Activation in LPA-Enhanced Corneal Epithelial Wound Closure
Previous studies have shown that LPA promotes cell migration on the cutting edge of rabbit corneal stoma in organ culture. 9, 10 To assess the effects of LPA on epithelial wound healing, we used a corneal organ culture model by creating an epithelial debridement wound with a punch 4 mm in diameter in the center of the porcine corneas and tested the effects of LPA on the healing of epithelial wound in an air-lifted culture setting. 38, 42 In our preliminary study, we tested different concentrations of LPA up to 10 M and found that 5 M was sufficient and consistent in accelerating wound closure in cultured porcine corneas. Figure 1 shows the healing of epithelial debridement wound in the presence or absence of 5 M LPA in cultured porcine corneas. After 48 hours, approximately Coverage of the wound (0 for no migration and 100% for complete covering of the wound bed) was calculated as described in Materials and Methods. LPA accelerated corneal epithelial healing compared with control. However, the abilities of LPA to speed up healing were impaired in the presence of AG1478, CRM197, and GM6001 compared with the control (**P Ͻ0.01, one way ANOVA). Data are mean Ϯ SD of at least six corneas from two or more independent experiments. 20 To determine the effects of MMP activity on LPAinduced corneal wound healing, injured porcine corneas were incubated with GM6001, a hydroxamate metalloproteinase inhibitor. In the presence of GM6001, substantial inhibition of LPA-induced epithelial wound closure occurred (55.9% wound covered, significantly decreased wound healing compared with LPA alone; P Ͻ 0.01). To determine whether HB-EGF released from the injured corneas contributes to LPA-accelerated epithelial wound healing, we treated wounded corneas with an HB-EGF antagonist, CRM197, 17, 43 that attenuated LPAenhanced epithelial wound closure (58.6% wound covered, significantly reduced wound healing compared with LPA alone; P Ͻ 0.01). Among these inhibitors, AG1478 was most effective in blocking spontaneous, HB-EGF-, 19 and LPA-stimulated wound closure, suggesting a key role of EGFR signaling in the regulation of corneal epithelial wound healing.
The involvement of EGFR and its ligand, shed HB-EGF, in epithelial wound healing was also tested in scratch wound on the THCE cell monolayer. Figure 2 shows cell migration toward the center of a scratch wound in cultured THCE cells after 24 hours (day 1). LPA greatly enhanced wound closure (93.44% of wound coverage) compared with the control without LPA (40.17%; n ϭ 3; P Ͻ 0.01). Similar to that observed in cultured porcine corneas, AG1478 and CRM197 attenuated spontaneous epithelial wound closure and inhibited epithelial wound closure induced by LPA (33.10% and 43.66% wound coverage, respectively; P Ͻ 0.01). With the inhibitors present, the stimulatory effects of LPA on scratch wound closure can still be observed.
Wounding, 19 or even introducing gaps in corneal epithelial layers, 44 triggers rapid activation of EGFR and its downstream signaling pathways. To examine the response of HCECs to LPA, activation of EGFR signaling was assessed using Western blotting with specific antibodies to tyrosine-phosphorylated EGFR, ERK, and AKT (a major substrate of PI3K) (Fig. 3A) . Treatment of THCE cells with 5 M LPA for 15 minutes resulted in EGFR activation and in elevated phosphorylation of ERK and AKT. As a control, wounding also increased the levels of phosphorylation of these proteins.
To determine whether HB-EGF shedding to release biologically active EGFR ligand is one mechanism by which LPA transactivates EGFR, THCE cells were pretreated with AG1478, GM6001, CRM197, or the Src kinase inhibitor PP2 45 and then were challenged with LPA. AG1478, as an EGFR-specific inhibitor, 46 is shown to block wound-induced EGFR activation in THCE cells. 19 As shown in Figure 3B , AG1478 diminished LPA-induced EGFR activation, indicating that LPA-induced EGFR phosphorylation results from autophosphorylation of EGFR. GM6001 (a broad-spectrum MMP inhibitor commonly used to inhibit ectodomain shedding), CRM197 (an HB-EGF antagonist), and PP2 (a Src kinase inhibitor that we recently showed to function as an upstream of EGFR transactivation in wounded HCECs 45 ) also abrogated LPA-induced EGFR activation. Moreover, LPA-induced ERK and AKT phosphorylation was sensitive to these inhibitors, suggesting that LPA elicits MAPK and PI3K pathways, at least in part through HB-EGF shedding-mediated EGFR activation in HCECs.
Taken together, these data suggest that LPA accelerates epithelial wound healing through the metalloproteinase-mediated release of pro-HB-EGF and EGFR transactivation. 
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Comparison of EGFR Ligand and LPA-Stimulated EGFR and ERK Activation
We previously showed that 50 ng/mL HB-EGF induced maximal stimulatory effects on epithelial wound healing in cultured porcine corneas 19 and elicited massive phosphorylation and degradation of EGFR 45 that were not observed in cells stimulated by wounding. Given that HB-EGF and LPA significantly stimulate epithelial wound closure in an EGFR-dependent manner, we next compared EGFR activation elicited by these stimuli in THCE cells (Fig. 4) . HB-EGF induced dose-dependent increases in EGFR phosphorylation and degradation, as evidenced by a significant decrease in total EGFR precipitated, with maximal effects observed at 50 ng/mL HB-EGF. Although an apparent increase occurred in EGFR phosphorylation from 1 to 2.5 M LPA, the levels of phosphorylated EGFR remained unchanged between 2.5 and 10 M LPA, suggesting that 2.5 M or higher LPA produces maximal stimulation of EGFR activation. Through comparison of the band intensity of phospho-EGFR, it can be seen in Figure 4 that HB-EGF at the concentration tested (2-50 ng/mL) stimulated EGFR phosphorylation to a greater extent than LPA (1-10 M).
LPA-Stimulated EGFR Activation
We have demonstrated that LPA, at a concentration significantly enhancing epithelial wound closure, stimulated EGFR activation to a level similar to that of wounding but less than that of HB-EGF. We then sought to determine whether LPA influences the duration of EGFR signaling (Fig. 5) . As shown previously, 19, 45 extensive injury made by multiple scratches using a shark's tooth sequencing comb induced rapid but transient EGFR phosphorylation that peaked at 15 minutes and then declined gradually. By 2 hours, no elevation of EGFR phosphorylation was apparent. Six hours after wounding, almost no EGFR phosphorylation was detectable. Similarly, phospho-ERK and AKT levels at 2 hours or so after wounding were similar to or lower than those of control. LPA also elicited rapid phosphorylation of EGFR, ERK, and AKT in normal and wounded THCE cells. Compared with controls, the activation of EGFR and, more apparently, ERK and PI3K was still detectable 4 and 6 hours after LPA stimulation in normal and wounded THCE cells but not in wounded cells. Thus, by comparing the phosphorylation levels of treated cells and control cells within each set (wounded, LPA treated, or wounded plus LPA), wound-induced EGFR activation was more transient than that induced by LPA in wounded and nonwounded HCECs, suggesting a potential effect of LPA on the duration of EGFR signaling in HCECs.
LPA-Induced Release of HB-EGF-AP
To examine whether LPA induces the proteolytic release of pro-HB-EGF, we used the THCE cell line transfected with plasmids containing the human cDNA with AP inserted into the heparin-binding region of mature human HB-EGF protein (HB-EGF-AP). 25, 47 HB-EGF released by the transfected cells in response to LPA or wounding was evaluated by measuring AP activities in culture media (Fig. 6 ). Little AP activity was observed in control cells. However, AP activities increased to 6.6-and 8.1-fold in cells treated with wounding and LPA, respectively (P Ͻ 0.01 compared with control); combination wounding and LPA treatment resulted in an 18.1-fold increase in AP activity in the culture medium (P Ͻ 0.01 compared with control). Pretreatment with 12.5 M PP2 or 50 M GM6001 diminished the LPA-induced increase in AP release. Taken together, these data indicate that wounding or LPA activates EGFR and its downstream signaling by inducing pro-HB-EGF shedding.
DISCUSSION
In this study, we used porcine corneal organ culture and cultured HCECs to study the underlying mechanism by which LPA regulates corneal epithelial wound healing. Consistent with previous findings, 48, 49 we showed that LPA enhanced epithelial wound healing and that wound closure was induced through HB-EGF ectodomain shedding in an MMP-and Srcdependent manner. We further showed that LPA only elicited a moderate increase in EGFR compared with the intensive effects of HB-EGF and that it appeared to prolong EGFR signal- (A, B) Cells were lysed at the end of stimulation, and equal amounts of cell lysates were immunoprecipitated with EGFR antibody and immunoblotted by mouse pY99 antibody against tyrosine-phosphorylated proteins (pEGFR). The same membrane was stripped from the immunoreactivities and reprobed with EGFR antibody (EGFR) to assess the total amount of EGFR precipitated. The same cell lysates were subjected to Western blotting with anti-phospho-ERK1/2 (pERK) and -AKT using ERK2 and AKT levels, respectively, for proper protein loading.
FIGURE 4.
Comparison of HB-EGF-and LPA-stimulated EGFR and ERK phosphorylation. Growth factor-starved THCE cells were stimulated with different concentrations of HB-EGF or LPA. Fifteen minutes after stimulation, cells were lysed, and equal amounts of cell lysates were immunoprecipitated with EGFR antibody and immunoblotted by pY99 antibody against tyrosine-phosphorylated proteins (pEGFR). The same membrane was stripped from the immunoreactivities and reprobed with EGFR antibody (EGFR) to assess the total amount of EGFR precipitated. The same cell lysates were subjected to Western blotting with anti-phospho-ERK1/2 (pERK) using the ERK2 level for proper protein loading. LPA is a simple bioactive phospholipid with diverse physiological actions on many cell types. 50 It acts through specific GPCRs. Watsky et al. 9, 51 reported an increase in LPA or LPAlike phospholipids in injured corneas. Nakamura et al. 10 used culture blocks of rabbit corneas as a model and showed that the migration of epithelial cells over the cutting edge of corneal stroma was greatly enhanced by LPA. We used epithelial debridement wounds in cultured porcine corneas and scratch wounds in cultured THCE cells and showed that LPA significantly accelerates epithelial wound closure in both models. Given that accelerated corneal wound closure decreases the risk for microbial infection and may prevent vision loss caused by corneal inflammation and scarring, LPA may be therapeutically useful for corneal epithelial wound healing, as shown in skin and intestine. [52] [53] [54] Other recent studies have shown that not only does LPA signal through classic second-messenger pathways, it also activates Ras and Rho family GTPases to control cell migration, proliferation, and morphogenesis. LPA is well known for its striking effects on cytoskeleton organization and cell shaping; it exerts its effects through the activation of RhoA. 8 RhoA activation results in actomyosin-based contractile events such as neurite retraction, cell rounding, and endothelial tight junction opening. [55] [56] [57] The use of RhoA inhibitors, such as Botulinum C3 exoenzyme, has demonstrated that the effects of LPA on corneal epithelial migration are RhoA dependent. 10 Consistent with this observation, our recent study revealed that both wounding and LPA-stimulated Rho activation in migratory THCE cells (our unpublished results, 2006). LPA-mediated activation of Rho GTPases is GPCR dependent, and PI3K has been shown to play a role in switching Rho GTPases to an active state. 8, 57, 58 In addition to Rho GTPase, LPA has been found to elicit ERK and PI3K activation.
59,60 ERK1/2 is known to be involved in the regulation of several major cellular events, including survival, growth, secretion, chemotaxis, and motility. 61 It has been suggested that PI3K is pivotal for the generation of cell polarity and the regulation of cell migration, particularly in controlling the direction of chemotaxis. 62, 63 The findings that LPA activates ERK and PI3K revealed a previously unknown mechanism by which LPA mediates an array of physiological processes, mainly cell migration, proliferation, and survival. Recent studies 17 have shown that GPCR-mediated ERK1/2 and PI3K activation often occur through the transactivation of RTKs such as EGFR, which leads to sequential activation of the Ras/Raf/MEK/ERK cascade. In this study we showed that LPA induced EGFR transactivation and ERK and PI3K activation in HCECs. LPA-induced ERK and PI3K activation is sensitive to EGFR inhibitor AG1478, suggesting that ERK and PI3K are the Comparison of wounding and LPA on EGFR signaling. Cultured THCE cells in 100-mm dishes were starved in KBM overnight. Cells were extensively injured by sequence comb scratching (Wound), LPA (5 M) treatment, or both (Wound ϩ LPA) and were incubated for the indicated times. Cells were then lysed, and equal amounts of cell lysates were immunoprecipitated with EGFR antibody and immunoblotted by PY99 antibody against tyrosine-phosphorylated proteins (pEGFR). After stripping from the immunoreactivities, the membrane was reprobed with EGFR antibody (EGFR) to assess the amount of protein precipitated. To determine ERK and AKT phosphorylation, the same samples were subjected to Western blot analysis with anti-phospho-ERK1/2 (pERK) or anti-phospho-AKT (pAKT), with ERK2 or AKT levels, respectively, for proper protein loading. As each condition (wounded, LPA treated, and LPA plus wounding) was processed separately for Western blotting, each comparison between the control and treated samples should be made only within each group. 
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downstream signaling effectors of EGFR in response to LPA stimulation in THCE cells. Furthermore, LPA-induced corneal epithelial wound closure, EGFR transactivation, and ERK and PI3K activation were also sensitive to MMP inhibitor GM6001 and to HB-EGF antagonist CRM197. In cultured cells, these inhibitors proportionally inhibited LPA-enhanced and spontaneous wound healing. Although it is not possible for us to precisely determine the percentage inhibited for LPA-stimulated wound healing and for wound healing in general by these inhibitors, our data indicated that the observed effects of LPA on epithelial wound healing may be attributable, at least in part, to the autocrine/paracrine activation of HB-EGF released from the cell surface. The induction of HB-EGF ectodomain shedding by LPA was further confirmed in our study using cell lines expressing HB-EGF with AP inserted into the heparinbinding region. 19 Ectodomain shedding and release of ligands to the receptors may initiate crosstalk between GPCRs and EGFR in HCECs, which is consistent with many other cells. 64 Thus, we propose that HB-EGF ectodomain shedding is a key event for LPA to enhance corneal epithelial wound healing and that EGFR functions as a central conduit of signaling by different classes of cell surface receptors in corneal epithelial cells.
We observed that HB-EGF (Ͼ10 ng/mL) elicited heavy phosphorylation and degradation of EGFR. This is consistent with early studies showing that the rate of EGFR endocytosis can be increased up to 10-fold after ligand activation, leading to acute, ligand-induced receptor degradation. 65 Indeed, we showed that HB-EGF stimulated epithelial wound closure in the cornea. The massive EGFR phosphorylation induced by exogenous EGFR ligand may account for the enhanced migration and proliferation during corneal epithelial wound healing. 19 However, the intensity of EGFR phosphorylation induced by LPA was not as strong as that by exogenously added HB-EGF and was similar to that induced by wounding (Fig. 3) . This should be expected because wounding and LPA both stimulate EGFR activation through the same signal transduction machinery, including, at least in part, ectodomain shedding of HB-EGF. The availability of the ligands or the tight regulation of EGFR ligand sheddase may limit the amount of ligand(s) released and the scale of EGFR activation to a level sufficient to trigger the activation of downstream effectors such as ERK and PI3K/AKT but not EGFR degradation. How might LPA enhance wound closure? Our study showed that the presence of LPA prolonged the activation of EGFR, ERK, and AKT, possibly because wounding and LPA have synergetic effects on the release of endogenous HB-EGF in an MMP-sensitive manner in vitro. Thus, though the action through GPCRs and the effects on Rho GTPases certainly contribute to LPA-stimulated epithelial wound closure, the ability of LPA to transactivate EGFR and to sustain the activation of downstream signaling, such as ERK and PI3K, is also important for the observed physiological function. Interaction or cross-talk of these signaling pathways may coordinate or determine the epithelial cell signaling that regulates wound healing.
In summary, LPA stimulates corneal epithelial wound healing, at least in part, by facilitating HB-EGF release and providing an autocrine/paracrine ligand to EGFR. Phosphorylated EGFR in turn activates downstream signaling pathways, leading to accelerated cell migration and wound closure. However, unlike exogenous ligands of the EGFR, LPA stimulates moderate EGFR activation with undetectable receptor degradation. This moderate activation appears to be sufficient for prolonging ERK and PI3K activation and for facilitating epithelial migration, proliferation, and wound healing. Understanding the mechanisms of LPA on corneal epithelial wound healing may provide clues for therapeutic application of LPA on corneal wound healing-related problems such as persistent corneal epithelial defects and recurrent corneal erosion.
